Abstract: p-Type (La 1−z Nd z ) 0.8 Fe 4−x Co x Sb 12 skutterudites were prepared by partial double filling with La/Nd and charge compensation by substituting Co for Fe. The skutterudite phase was successfully synthesized using encapsulated melting, quenching, annealing and hot-pressing processes, but a small amount of the marcasite phase was identified. Partial filling within the filling fraction limit did not result in the formation of the (La,Nd)Sb 2 phases detected in the fully-filled La 1−z Nd z Fe 4−x Co x Sb 12 because that phase is generated when the La/Nd partial filling exceeds the filling fraction limit. 
INTRODUCTION
The performance of thermoelectric materials is expressed by the dimensionless figure of merit, , where α is the Seebeck coefficient, σ is the electrical conductivity, κ is the thermal conductivity (κ = κ E + κ L : κ E and κ L represent the contribution of carriers and phonons to the thermal conductivity, respectively), and Τ is the absolute temperature [1] [2] [3] . To obtain higher ZT values, thermoelectric materials should have a high power factor (PF = ) and low thermal conductivity. To achieve higher PF values, the materials must have a large Seebeck coefficient and high electrical conductivity. However, these parameters are interdependent on the carrier concentration. Therefore, it is difficult to control each parameter independently because the thermal conductivity also increases as the electrical conductivity increases [4, 5] . In 1994, Slack proposed the phonon-glass and electron-crystal (PGEC) concept, which likens thermal properties to amorphous structures and electrical properties to crystalline structures [6] . Thermoelectric materials conforming to the PGEC concept include the Bi-Te, Pb-Te, and Si-Ge systems, skutterudites, clathrates, etc. Among these materials, skutterudites are attractive because of their high conversion efficiency and concomitant low thermal conductivity and high electrical conductivity [2] . Skutterudites have the basic formula 8MX 3 with two large voids in the unit cell. For a filled skutterudite, the thermal conductivity is reduced when the voids are filled with an atom (filler or rattler). Phonon scattering can be enhanced by the rattling effect of these filler atoms with the independent vibrations in the voids.
Therefore, the reduced lattice thermal conductivity can result in improved thermoelectric performance [6, 7] .
Many studies have been conducted to improve the thermoelectric properties of n-type skutterudites. Attempts have been made to achieve higher ZT values of filled n-type skutterudites R y Co 4 Sb 12 (R: filling element and y: filling fraction) by maximizing the power factor through doping [8] and optimizing the fillers [9] [10] [11] , and by reducing the thermal conductivity through nanostructuring [12, 13] and phonon scattering [14, 15] . p-Type skutterudites exhibit relatively low
ZT values compared to n-type skutterudites [14] . However, Decreasing the lattice thermal conductivity of p-type skutterudites by doping with various atoms and fillers [16] [17] [18] has been studied, along with the use of substitutional solid solutions [19] . Double filling in the skutterudite structure is a very effective approach for reducing the lattice thermal conductivity, because each filler atom has a specific resonance frequency and acts as a phonon scattering center [7, [20] [21] [22] . Among the filler atoms, rare-earth elements with heavier atomic masses can effectively reduce the lattice thermal conductivity by scattering phonons of lower frequencies due to their smaller ionic radii and lower resonance frequencies [7, 20, 23] . Therefore, double or multiple filling can cause greater phonon scattering, resulting in improved thermoelectric performance [22, [24] [25] [26] .
R y Fe 4 Sb 12 is a p-type filled skutterudite that is widely used [23, 27, 28] specimens, which was attributed to exceeding the filling fraction limit. However, in the present study, it was confirmed that (La,Nd)Sb 2 phases were not formed as the system was only partially filled. samples. There was no significant change in the actual compositions after hot-pressing relative to the nominal compositions. All specimens had relative densities higher than 98.7% compared with the theoretical density. The In this study, the intrinsic transition temperature of (La 1−z Nd z ) 0.8 Fe 4−x Co x Sb 12 was estimated to be 623-723 K. As [34] . In this study, the partially-filled specimens showed the maximum Seebeck coefficients at 723 K, meaning that the intrinsic transition temperature shifted to lower temperatures due to partial filling. = LσT), where L is the Lorenz number, which was taken as 2.0 × 10 −8 V 2 K −2 in this study [37] .
RESULTS AND DISCUSSION
As shown in Fig. 6(b) , the electronic thermal conductivity decreased with increasing Co content due to the reduction in the carrier concentration caused by Co charge compensation.
The electronic thermal conductivity ranged from 0.71 to 2.18 [34] . As shown in Fig. 6(c) , the lattice thermal conductivity was lowest for all specimens (1.03-1.59 W m
) at 623 K.
With increasing Co substitution, the lattice thermal conductivity decreased due to enhanced phonon scattering by the impurity. However, the La/Nd filling ratio had no significant impact on the lattice thermal conductivity. [22] [23] [24] [25] [26] 35] . It was expected that the use of La and Nd, which are heavy and have small ionic radii, as the filler elements would reduce the lattice thermal conductivity by improving the phonon scattering. However, the enhancement of the phonon scattering was insignificant due to the similar atomic masses and ionic radii of La and Nd. As a result, the partially-filled specimens showed higher lattice thermal conductivities than the fully-filled specimens. However, the electronic thermal conductivity decreased with Co charge compensation; thus, the total thermal conductivities of the partially-and fully-filled specimens were similar. The ZT values increased with increasing temperature, and all specimens exhibited a maximum ZT value at 723 K. with these other studies, the maximum ZT was achieved at lower temperatures in this study, and thus these species are expected to be applicable for thermoelectric power generation in the mid-temperature range. 
CONCLUSIONS

